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Abstract
Background: Bovine respiratory disease (BRD) remains among the leading causes of death of cattle internationally.
The objective of this study was to identify risk factors associated with exposure to BRD pathogens during the
peri-weaning period (day (d)-14 to d 14 relative to weaning at 0) in dairy bull calves using serological responses to
these pathogens as surrogate markers of exposure.
Clinically normal Holstein-Friesian and Jersey breed bull calves (n = 72) were group housed in 4 pens using a
factorial design with calves of different breeds and planes of nutrition in each pen. Intrinsic, management and
clinical data were collected during the pre-weaning (d − 56 to d − 14) period. Calves were gradually weaned over
14 days (d − 14 to d 0). Serological analysis for antibodies against key BRD pathogens (BRSV, BPI3V, BHV-1, BHV-4,
BCoV, BVDV and H. somni) was undertaken at d − 14 and d 14. Linear regression models (for BVDV, BPI3V, BHV-1,
BHV-4, BCoV and H. somni) and a single mixed effect random variable model (for BRSV) were used to identify risk
factors for changes in antibody levels to these pathogens.
Results: BRSV was the only pathogen which demonstrated clustering by pen. Jersey calves experienced significantly
lower changes in BVDV S/P than Holstein-Friesian calves. Animals with a high maximum respiratory score (≥8) recorded
significant increases in H. somni S/P during the peri-weaning period when compared to those with respiratory scores
of ≤3.
Haptoglobin levels of between 1.32 and 1.60 mg/ml at d − 14 were significantly associated with decreases in BHV-1
S/N during the peri-weaning period. Higher BVDV S/P ratios at d − 14 were significantly correlated with increased
changes in serological responses to BHV-4 over the peri-weaning period.
Conclusions: Haptoglobin may have potential as a predictor of exposure to BHV-1. BRSV would appear to play a more
significant role at the ‘group’ rather than ‘individual animal’ level. The significant associations between the pre-weaning
levels of antibodies to certain BRD pathogens and changes in the levels of antibodies to the various pathogens during
the peri-weaning period may reflect a cohort of possibly genetically linked ‘better responders’ among the study
population.
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Background
Bovine respiratory disease (BRD) remains among the
leading causes of death of dairy and beef cattle of all
ages in Ireland [1] and internationally [2]. Dairy calf
pneumonia (enzootic calf pneumonia) represents an epi-
demiologically distinct component of the BRD complex,
typically affecting 2 to 6 month old calves; shipping fever
of feedlot cattle and atypical interstitial pneumonia are
other recognised syndromes [3].
While indoor or outdoor individual housing of calves
has been recognised as beneficial to dairy calf health [4]
legislative changes in animal welfare in Ireland and
Europe (EU Directive 91/629/EC and EU Decision 97/
182/EC) have encouraged group housing of calves,
which also facilitates more efficient use of labour and
space. However, this shift has presented the dairy indus-
try with new challenges in disease control [5] and in-
creased the risk of BRD among young dairy calves [6–8].
Stress is an important co-factor in the pathogenesis of
BRD [9, 10]. Clinically affected calves shedding large
numbers of pathogens into the environment act as an
important source of exposure for other calves. In
addition, BRD pathogens can also be carried and shed
by apparently healthy animals [11, 12]. Weaning has
been traditionally recognised as a stressful time for
calves with both nutritional and non-nutritional factors
contributing to weaning distress [13]. Non-nutritional
factors such as the breaking of the maternal bond and
the rearrangement of the social group tend to be critical
factors for beef suckled calves in particular. As dairy
calves are generally separated from the dam shortly after
birth, weaning distress in the dairy calf typically arises
predominantly from nutritional factors [14]. When
coupled with the increased interaction and contact of
calves in group housing, weaning distress can facilitate
the efficient spread of BRD pathogens leading to exposure
and, potentially, disease. Inevitably there are interactions
and cross-effects between pathogens which together lead
to variable and complex immunological and pathological
effects in each calf.
Many studies have examined the effects of intrinsic
[15], management [16, 17] or clinical [18] risk factors for
BRD; however, reports as to the various potential risks
these variables pose in exposing calves to BRD patho-
gens are lacking. The objective of this study was to iden-
tify risk factors associated with exposure to BRD
pathogens during the peri-weaning period in dairy bull
calves using serological responses to these pathogens as
surrogate markers of exposure. These responses were
determined by calculating changes in sample to positive
ratios (S/P), percentage positivity (PP) or sample to
negative ratios (S/N), to a wide range of recognised BRD
pathogens during the peri-weaning period (day (d) -14
to d 14 relative to weaning at d 0).
Methods
Animal management
This study was conducted as part of a larger study
designed to examine changes in haematological profiles
and gene expression in response to gradual weaning.
Ethical approval for this study was sought, and received,
from the Teagasc Animal Ethics Committee. Animal
management, sample collection and haematological
analysis have been outlined previously by Johnston et al.
[14]. Briefly, 72 clinically normal bull calves of Jersey or
Holstein-Friesian breed were sourced from 2 preferential
supplier farms at a mean age of 19 (S.D. 8) days and
were group housed indoors in 4 sawdust-floored pens
(16, 18, 18 and 20 per pen) from d − 56 (relative to
weaning (d 0)) to d 28 of the study. A sample size calcu-
lation for linear regression based on a power level of 0.8,
significance level of 0.05 and a range of anticipated
effects and numbers of predictors suggested a minimum
sample range of 59 to 65 animals. Calves were immu-
nised on arrival against bovine herpesvirus 1 (BHV-1;
Rispoval IBR Marker Live administered intramuscularly,
Zoetis), and, using a combined vaccine (Bovilis Bovipast
RSP, MSD, inactivated vaccine administered subcutane-
ously), they were also immunised against bovine para-
influenza 3 virus (BPI3V), bovine respiratory syncytial
virus (BRSV), and Mannheimia haemolytica serotypes
A1 and A6. A single combined booster dose against
BRSV, BPI3V and Mannheimia haemolytica was admin-
istered 4 weeks later. Vaccination against Salmonella
Dublin and Salmonella Typhimurium (Bovivac S, inacti-
vated vaccine administered subcutaneously) was also
administered on arrival. The vaccination status of the
dams was not available. The study was structured as a
factorial design with two breeds (Holstein-Friesian and
Jersey), and three planes of nutrition (high (H), medium
(M) and low (L)) within each breed and calves were
stratified to a nutrition treatment within each breed, on
the basis of live-weight, age at the first day of the study
(d − 56) and sire [14]. Each pen contained calves of each
breed and each plane of nutrition and calves were fed
using automatic milk (Vario Powder; Förster-Technik
GmbH, Engen, Germany) and concentrate (KFA3-MA3;
Förster-Technik GmbH) feeders. All calves were offered
approximately 400 g straw daily, from a rack within the
group pen during the peri-weaning period. During the
pre-weaning period (d-56 to d-14), Holstein-Friesian
calves on the H, M and L planes of nutrition were of-
fered 1.2 kg milk replacer (8 l at 150 g/l) with ad libitum
concentrate, 0.8 kg milk replacer (6 l at 133.33 g/l) with
a maximum of 1.5 kg concentrate and 0.5 kg milk
replacer (4 l at 125 g/l) with a maximum of 1 kg concen-
trate, daily, respectively. The Jersey calves on the H, M
and L planes of nutrition were offered 0.8 kg milk replacer
(6 l at 133.33 g/l) with ad libitum concentrate, 0.5 kg milk
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replacer (4 l at 125 g/l) with a maximum of 1.5 kg concen-
trate and 0.35 kg milk replacer (3.5 l at 100 g/l) with a
maximum of 1 kg concentrate, daily, respectively. During
the weaning phase (d-14 to d0), daily milk replacer was
gradually reduced and by d − 1, all calves had been con-
suming at least 1 kg of concentrate per day for 3 consecu-
tive days. On d 0, milk replacer was eliminated from the
diet of all calves.
Animals were maintained on different planes of nutri-
tion which were devised for each breed using National
Research Council guidelines [19] to achieve a target
growth rate of ⩾1.0, 0.7 and < 0.5 kg/day, for Holstein-
Friesian breed calves on the H, M and L planes of nutri-
tion and a target growth rate of 0.7, 0.5 and ⩽0.3 kg/day,
for Jersey breed calves on the H, M and L planes of
nutrition, respectively [14].
Clinical assessment
Clinical assessments were carried out on all calves
twice weekly during the pre-weaning and weaning pe-
riods (d − 56 to d 0). A modified version of the
Wisconsin health scoring criteria was used to score
clinical criteria [20]. A cumulative respiratory score
(0–12) was devised from nasal discharge (0–3), eye
(0–3) or ear (0–3) score (whichever was greatest),
cough index (0–3) and rectal temperature based on
the method described by Lago et al. [21]; the max-
imum respiratory score achieved by each calf between
d − 56 and d − 14 was recorded.
Sampling
Blood samples were collected from all calves on arrival,
and on d − 14 and d 14 relative to weaning (d 0), via jugu-
lar venipuncture. Serum was harvested and samples were
stored at − 20 °C pending analysis. Blood samples were
also collected in 6 ml K3 Ethylenediaminetetraacetic acid
(K3EDTA) tubes (Vacuette; Cruinn Diagnostics, Dublin,
Ireland) and in 9 ml Lithium Heparin (LH) tubes (Vacu-
ette; Cruinn Diagnostics) on d − 14 and d 14 relative to
weaning (d 0) for haematological analysis and to deter-
mine the concentration of the acute phase protein, hapto-
globin respectively. LH blood samples were centrifuged at
4 °C (1600×g for 15 min) and the plasma was harvested
and stored at − 20 °C until analysed.
Serological testing
The K3EDTA blood samples were analysed immediately
after collection using an ADVIA 2120 analyser (AV
ADVIA 2120; Bayer Healthcare, Siemens, UK), contain-
ing software necessary for the analysis of bovine blood
as described by Johnston et al. [14]. Zinc sulphate
turbidity (ZST) test analysis was carried out at 520 nm
using a spectrophotometer [22]. The haptoglobin con-
centration was measured using an automatic analyser
(Olympus AU 400 Analyser; Beckman Coulter, Inc.,
Clare, Ireland) and a commercial assay kit (Tridelta
Development Ltd., Maynooth, Ireland).
Serum samples were analysed for the presence of
immunoglobulin (Ig) G against BRSV, BPI3V, BCoV
(SVANOVA Biotech, Uppsala, Sweden) BHV-4 (Bio – X
Diagnostics S.A., Rochefort, Belgium), BVDV (IDEXX
Laboratories Inc., Maine, USA) and BHV-1 glycoprotein
E (IDEXX Laboratories Inc., Maine, USA) by commer-
cially available enzyme-linked immunosorbent assays
(ELISA) each of which were performed in accordance
with the manufacturer’s instructions. H. somni serology
was performed by an in-house ELISA to detect IgM/IgG
against H. somni exopolysaccharide (EPS) as described
by Pan et al. [23]. Details on the calculations used in the
ELISA analyses, cut-off values employed and the correl-
ation between ELISA results and changes in antibody
status are presented in Table 1.
Table 1 Details on the calculations used in the ELISA analyses, the cut-off values employed and the correlation between the ELISA
results and antibody levels
ELISA Optical density (OD)
measured at
Calculation used Positive results Correlation between ELISA
value and antibody level
BRSV 450 nm PP = SampleCOD /PCOD X100 PP≥ 10 Positive
BPI3V 450 nm PP≥ 10 Positive
BCoV 450 nm PP≥ 10 Positive
BHV-1 gE 650 nm S/N ratio = SampleOD/N2 S/N ≤ 0.6 Negative
BHV-4 450 nm S/P ratio = (SampleOD – N1)/(P1-N1) S/P ≥ 0.3 Positive
BVD 450 nm S/P ratio = (SampleOD – N2)/(P2-N2) S/P≥ 0.3 Positive
H. somni 450 nm S/P ratio = (SampleOD – N3)/(P3-N3) S/P > 0.6 Positive
Note that the subsequent computation applied to the raw Optical Density (OD) result can differ between ELISA kits and has been designed to give optimal
diagnostic performance. Therefore the different comparison parameters (e.g. S/N, S/P or PP values) used here are inherent to the test rather than to the pathogen
COD = corrected optical density (calculated by subtraction of the mean OD value for the negative control)
Positive control (P1), Mean of 2 (P2) or 3 (P3) positive controls
Negative control (N1), Mean of 2 (N2) or 3 (N3) negative controls
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Statistical methods
Separate multivariable linear regression models (for
BHV-1, BHV-4, BoCV, BPI3V, BVDV, BRSV and H.
somni) were developed to quantify the effects of the vari-
ous risk factors on the exposure of the calves to BRD
pathogens between d − 14 and d 14. A plot of the resid-
uals of a simple model for each dependent variable was
created against the predicted values of that model and
the normality of the residuals was assessed to determine
if a transformation of the dependent variable was war-
ranted; the optimal transformation being determined by
Tukey’s ladder of powers [24]. As the diseases studied
are transmissible, the potential for clustering within pens
(i.e. group) was accounted for by including pen as a ran-
dom effect for each of the outcome variables examined
and its significance was tested using a likelihood ratio
test. For outcome variables in which clustering by pen
was not significant (p < 0.05), a linear regression model
was preferred. The change in antibody status, as
reflected by changes in PP values (BPI3V, BCoV and
BRSV), S/P ratios (BHV-4, BVDV and H. somni) or S/N
(BHV-1) ratios on ELISA analyses, between d − 14 and d
14 was the dependent variable in each analysis. The S/P
ratios, S/N ratios or PP values at d − 14 of each BRD
pathogen was considered as a risk factor for changes in
the antibody levels against other BRD pathogens in the
analysis during the peri-weaning period (d − 14 to d 14)
but were not included in the analysis for that specific
pathogen (i.e. BHV-1 S/N at d-14 was not considered as
a risk factor for BHV-1 S/N change during the peri-
weaning period). Univariable analyses were performed
individually to determine the association of each poten-
tial risk factor with the dependent variable using Stata
v11. The risk factors included in the univariable analysis
are listed in Table 2.
Risk factors identified as significant in the univariable
analyses (p < 0.20) were included in the multivariable
analysis. Independent variables were plotted against the
dependent variable and, if a linear relationship did not
exist between both and a transformation of the
Table 2 The potential risk factors for exposure to BRD pathogens (as reflected by S/P ratio (for BHV-4, BVDV, H. somni), PP value
(for BRSV, BPI3V, BCoV) and S/N ratio (BHV-1)) which were included in the univariable analysis
Risk factor type Details
Intrinsic risk factors Calf breed (Jersey or Friesian)
ZST score on arrival
Arrival age
Arrival weight
Management risk factors Pen to which the animal was assigned (n = 4)
Nutrition plane (high, medium or low)
UFL (unité fourragère lait) intake in the pre-weaning period (d-56 to d-14)
Percentage of UFL allowance consumed in pre-weaning period (d-56 to d-14)
Average daily gain in pre-weaning period (d-56 to d-14)
Clinical risk factors Maximum temperature recorded during the pre-weaning period (d-56 to d-14)
Mean temperature recorded during the pre-weaning period (d-56 to d-14)
Maximum respiratory score in the pre-weaning period (d-56 to d-14)
Number of times treated for BRD in pre-weaning period (d-56 to d-14)
Number of sickness bouts recorded in the pre-weaning period (d-56 to d-14)
Total white blood cell count at d − 14
Lymphocyte count at d − 14
Haptoglobin level at d − 14
H. somni S/P at d − 14
BHV-4 S/P at d − 14
BVDV S/P at d − 14
BHV-1 S/N at d − 14
BPI3V PP at d − 14
BRSV PP at d − 14
BCoV PP at d − 14
The pre-weaning period was from d − 56 to d − 14 relative to weaning at d 0. Note that BRD pathogen S/P ratios, S/N ratios or PP values at d − 14 were not
considered as risk factors for changes in antibody levels for that specific pathogen during the peri-weaning period (d − 14 to d 14)
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independent variable was not appropriate due to a non-
linear relationship between the transformed independent
variable and the dependent variable, continuous inde-
pendent variables were then included as categorical vari-
ables based on the quartiles of the continuous
independent variable. Plausible interactions were consid-
ered in the full model during model construction and
two-way interactions identified as significant (i.e. be-
tween arrival age, arrival weight, ZST and breed) were
included in the multivariable model during development.
The variance inflation factor was used to detect multi-
collinearity. A backward stepwise selection procedure
based on a likelihood ratio test (p > 0.05) was used to
eliminate terms from the model. Regression diagnostics
(heteroskedasticity, skewness and kurtosis) and plots of
the residuals versus the predicted values were used to
assess the presence of outliers and to check the fit of the
final model.
Results
Of the 72 calves in the study, 43 were Holstein-Friesian
and 29 were Jersey calves. In total, 24 animals were on
the high plane of nutrition with 25 and 23 on the
medium and low planes of nutrition respectively. The
mean age and weight of calves on arrival were 19 (S.D.
8) days and 41.4 (S.D. 8.4) kgs respectively and the mean
ZST result on arrival was 17.95 units (SD 3.46 units). A
bout of sickness was defined as a concurrent recorded
temperature > 39.5 °C and respiratory score of ≥5 in a
calf. Sickness was not recorded during the pre-weaning
period (d − 56 to d − 14) in 36 calves, was recorded once
in 26 calves, twice in 7 calves, 3 times in 2 calves and 4
times in 1 calf. The mean values of S/P, PP or S/N for
each of the respective BRD pathogens of interest and the
change in mean values from d − 14 to d 14 (relative to
weaning at day 0) are presented in Fig. 1.
A schematic diagram of significant linkages identified
in the seven regression models is presented in Fig. 2.
The model for the change in BRSV PP during the peri-
weaning period included the pen the animal occupied as
a random effect. Transformed outcome variables were
used in the models of BVDV S/P change (square of the
outcome variable), BHV-1 S/N change (cubed root of
the outcome variable) and H. somni S/P change (cubed
root of the outcome variable). The variables which were
present in each model are displayed in Table 3.
Breed (p < 0.001) and higher BPI3V P P values at d − 14
(p ≤ 0.006) were significantly associated with changes in
the square of BVDV S/P ratios during the peri-weaning
period (d − 14 to d 14 relative to weaning at d 0). Jersey
breed calves experienced a significantly reduced change in
squared BVDV S/P value compared to Holstein-Friesian
calves as did calves with higher BPI3V PP values (between
76.5 and 130) at d − 14 compared to those with lower
BPI3V PP values (between 39 and 76.5). A mean rectal
temperature of 38.7 °C during the pre-weaning period was
also significantly associated (p = 0.014) with changes in
the square of BVDV S/P (Table 3).
Arrival weight was a significant risk factor (p ≤ 0.001)
for BHV-4 S/P change during the same period with
calves between 34.5 kg and 59 kg all experiencing
greater increases in BHV-4 S/P when compared to
lighter calves (between 28.5 and 34.5 kg). BRSV PP
values between 46.5 and 74 on d − 14 were also signifi-
cantly associated (p ≤ 0.026) with increases in BHV-4 S/
P ratios during the peri-weaning period when compared
to those with BRSV PP values between 18 and 46.5.
Likewise, higher BVDV S/P ratios (between 0.547 and
1.617) at d − 14 were significantly associated (p ≤ 0.004)
with increases in BHV-4 S/P ratios during the peri-
weaning period when compared to calves with lower
BHV-4 S/P ratios (≤0.300).
A smaller BPI3V PP change during the peri-weaning
period was significantly associated (p ≤ 0.031) with a
heavier arrival weight (34.5–49 kgs) among calves enter-
ing the calf house when compared to lighter calves. The
reduced change in BPI3V PP value was also associated
(p = 0.001) with a high respiratory score (≥8) during the
pre-weaning period (d-56 to d-14) when compared to
calves with the lowest respiratory scores (≤3). Increases
in BPI3V PP values were associated (p = 0.033) with
BHV-1 S/N ratios at d − 14 of > 0.434 and ≤1.046 when
compared to lower S/N ratios between 0.074 and 0.140.
Lymphocyte counts at the beginning of weaning (d − 14)
of > 5.13 X109/l to ≤5.88 X109/l were also significantly
associated with an increase in the change of BPI3V PP
value (p = 0.035) during the peri-weaning period, when
compared to those with a lymphocyte count of ≤5.13
X109/l.
BHV-1 S/N ratios decreased (p = 0.038) during the
peri-weaning period in calves that arrived at 16–20 days
of age when compared to those aged 5–12 days on ar-
rival. This change was reversed in calves aged 27 to
41 days of age on arrival (p = 0.026) with an increase in
BHV-1 S/N ratios when compared to the youngest arriv-
ing calves (aged 5–12 days). Decreases in BHV-1 S/N ra-
tios during the peri-weaning period were significantly
associated with haptoglobin levels of between 1.32 and
1.60 mg/ml (p = 0.007) when compared to haptoglobin
levels between 0.75 and 1.08 mg/ml at the beginning of
weaning (d − 14). Lymphocyte counts at the beginning of
weaning (d − 14) between 5.13 X109/l and 5.88 X109/l
were significantly associated with a decrease in BHV-
1 S/N value (p = 0.002) during the peri-weaning period
when compared to those with lower lymphocyte counts
(≤ 5.13 X109/l).
Changes in the BCoV PP values during the peri-
weaning period were significantly less (p = 0.004) in the
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oldest calves (aged 27–41 days) when compared to the
youngest (aged 5–12 days) calves on arrival.
A maximum respiratory score of ≥8 prior to the com-
mencement of gradual weaning was significantly associ-
ated (p = 0.010) with an increase in the change of H.
somni S/P value in the peri-weaning period. Changes in
BRSV PP value during the same period were associated
with the maximum rectal temperature recorded during
the pre-weaning period and were also significantly
clustered (p < 0.001) by the pen the calves occupied prior
to the commencement of gradual weaning (Table 4).
Discussion
The objective of this study was to identify risk factors
associated with exposure to BRD pathogens during the
peri-weaning period in dairy bull calves using serological
responses to these pathogens as proxy indices of expos-
ure. These responses were determined by calculating
changes in sample to positive ratios (S/P), percentage
positivity (PP) or sample to negative ratios (S/N), to a
wide range of recognised BRD pathogens during the
peri-weaning period. The calves in this study were
housed in a situation of minimum stress and manage-
ment advantage to reduce adverse effects from those
sources on our findings. By focusing less on disease but
rather on good health, and factors influencing the calf
immune response, our study identified intrinsic (breed,
arrival age and arrival weight), management (pen) and
clinical (rectal temperature and respiratory score) factors
which were significantly associated with changes in BRD
pathogen serological status.
Arrival age at housing was significantly associated with
a reduction in BCoV PP (p = 0.004) and an increase in
BHV-1 S/N (p = 0.026) in the oldest cohort (27–41 days)
when compared to the youngest cohort (5–12 days) of
calves. As both of these results are consistent with a de-
crease in antibody levels, it is likely that they reflect the
natural decline of maternally derived antibody (MDA)
with age. BCoV has been identified as a prevalent patho-
gen in BRD in Ireland [25] and internationally [26, 27].
Recently, Toftaker et al. [28] in a bulk tank serology
cross-sectional study in Norway, identified herd size,
purchase of livestock, geographic location, proximity to
neighbours and seropositivity to BRSV as risk factors for
seropositivity to BCoV in dairy herds. As acknowledged
by Pardon et al. [29], BCoV seroconversion does not
distinguish between respiratory or enteric infections,
although concurrent faecal and nasal shedding is a
relatively frequent event in calves [30]. Seventeen calves
in the study population were recorded with a faecal
Fig. 1 The mean values of the antibody levels (as reflected by S/P. PP or S/N values) to each of the BRD pathogens of interest and the
standard error of the mean (in parantheses) at d − 14 and d 14 relative to weaning at d 0. Note that solid lines (BCoV PP, BPI3V PP, BRSV
PP) are plotted against the left hand y-axis while the broken lines (BVDV S/P, BHV-4 S/P, BHV-1 S/N and H. somni S/P) are plotted against
the right hand y-axis
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score of ‘2’ (loose and watery faeces) suggestive of en-
teric infection during the pre-weaning period. As BCoV
infection typically causes diarrhoea in calves between 3
and 21 days of age [31], it is quite likely that younger
calves in this study housed at the peak age of enteric
infection were more likely to acquire and spread BCoV
infection than older animals arriving after the peak of
enteric infection had passed.
In this study we recorded lower unit increases in BPI-
3 V PP and higher unit increases in BHV-4 S/P during
the peri-weaning period among heavier calves on arrival
into the house when compared to the lightest group.
Previously, low bodyweight at housing has been identi-
fied as a risk factor for the development of BRD at the
individual [32, 33] but not at the group [34] level. While
the reported BHV-4 S/P increase would appear to
contradict these findings, it is important to recall that
BRD pathogen antibodies reflect exposure history rather
than disease. One possibility is that lower weight calves
were exposed and seroconverted to BHV-4 at an earlier
stage than heavier calves and the change in antibody
level during the peri-weaning period reflects delayed
exposure in heavier calves. This may be, in part, due to
more prolonged systemic effects of BHV-4 infection as a
result of its capability for latency or inherent host animal
traits such as the respiratory rate or the metabolism of
heavier calves may also play a role. Alternatively, lower
bodyweight calves may not be capable of mounting an
equivalent antibody response to that of heavier animals
[35]. Further focused research examining the mechanism
of the effect of bodyweight on calf immune response to
BRD pathogens is warranted.
The finding of a clustering effect of exposure to BRD
pathogens would seem intuitive. Brscic et al. [34] reported
a higher prevalence of respiratory distress in young calves
when the number of animals per pen increased. Miller et
al. [36] reported that BRD outbreaks tend to cluster within
calf housing systems; however, of the BRD pathogens ex-
amined in the present study, only changes in BRSV PP
were significantly clustered by pen. This may indicate that
BRSV is significant at the group rather than the individual
level. MDA can suppress responses to BRSV resulting in a
minority of BRSV seronegative calves seroconverting.
Such an event may have impacted the detection of associ-
ations between risk factors and changes in BRSV PP in
the current study [29, 37–39].
During the pre-weaning period, a high maximum
respiratory score (≥8), reflecting typical clinical signs of
 
Fig. 2 A schematic diagram of the significant linkages identified in the seven models between intrinsic (orange boxes), management (green box)
and clinical (purple boxes) independent variables and the dependent (pink boxes) variables. The dependent variables were antibody level
changes during the peri-weaning period (d − 14 to d14 relative to weaning at d 0) as reflected by changes in S/N ratio (for BHV-1), PP value
(for BRSV, BCoV and BPI3V) or S/P ratio (for BHV-4, BVDV and H. somni)
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BRD, was significantly associated (p = 0.001) with a
decrease in BPI3V PP during the peri-weaning period.
While this result may appear counter-intuitive, a similar
finding was reported by Tuncer and Yesilbag [40]. In
that study, despite an increase in the proportion of
BPI3V seropositive calves between sampling points at 1
and 2 months of age, the mean antibody levels of all
calves decreased; a feature they attributed to a low
BPI3V antibody response combined with a high rate of
maternally-derived BPI3V antibody catabolisation. It is
possible that the decrease in peri-weaning BPI3V PP in
the present study, in association with a high pre-
weaning maximum respiratory score, may be due to a
similar phenomenon.
A high maximum pre-weaning respiratory score was
also the only risk factor for H. somni S/P increase during
the peri-weaning period. The H. somni ELISA employed
in this study detects antibody against EPS, a major
component of the H. somni biofilm matrix, which is pro-
duced in much greater quantities by pathogenic strains
Table 3 Variables significantly associated in a multivariable linear regression model with a change in respiratory pathogen serology
percentage positivity (PP), sample to positive ratio (S/P) or sample to negative control ratio (S/N) from the beginning of gradual
weaning (day − 14) to day 14 post weaning (day+ 14) in housed dairy calves
Note that boxes coloured in grey denote variables which were not significant (p > 0.05) in the multivariable model of a given pathogen
aThe square of BVDV percentage positive change was used as the dependent variable
bThe cubed root of the change in sample to negative control ratio was used as the dependent variable
cThe cubed root of the change in sample to positive control percentage was used as the dependent variable
Table 4 Linear mixed regression model of the variables associated with a change in BRSV percentage positivity (PP) from the
beginning of gradual weaning (day -14) to 2 weeks post weaning (day +14)
Variable Categories Coefficient Standard error P value
Intercept 31.577 5.292 <0.001
Maximum rectal temperature (°C) in
the pre-weaning period (d-56 to d-14)
38.9–39.4 Baseline
39.5–39.6 7.956 4.955 0.108
39.7–40.0 -7.442 4.513 0.099
40.1–41.3 -3.732 4.474 0.404
Random effects Variance estimate Standard error
Pen 78.259 73.088 <0.001
Residual 194.018 34.026
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during the disease process compared to commensal
strains, helping to differentiate between diseased calves
and those with antibodies derived from harbouring com-
mensal organisms [23]. Increases in H. somni S/P over
the peri-weaning period reflect exposure to pathogenic
strains of H. somni in the preceding weeks. Pan et al.
[23] in a study of calves experimentally exposed to H.
somni, reported antibody peaks to H. somni EPS between
3 and 8 weeks post-exposure. The temporal association
between respiratory signs (as reflected by a high max-
imum respiratory score ≥ 8) during the 42 days prior to
weaning and the increases in H. somni S/P in the peri-
weaning period (a range of 4 to 10 weeks after respira-
tory signs were recorded) concur with the observations
of Pan et al. [23] and support their conclusions that
assays measuring the antibody response to EPS can
identify cattle with disease due to H. somni infection.
Levels of antibodies to some BRD pathogens at the
beginning of the peri-weaning period were significantly
associated with changes in BHV-4 S/P during that
period. Higher levels of BRSV and BVDV antibodies
(as reflected by BRSV PP and BVDV S/P respectively)
at the beginning of weaning were significantly associ-
ated (p < 0.026) with increases in BHV-4 S/P during
the peri-weaning period. Glass et al. [41] have shown
that animal genetics influence both the responses to
vaccination and infection in cattle. It is possible that
higher levels to BVDV and BRSV at the beginning of
weaning may reflect a cohort of genetically deter-
mined ‘better responders’ in the study population;
larger increases in BHV-4 levels in response to expos-
ure during weaning would also be expected among
these calves when compared to the poorer responders.
It is notable that of the 30 highest responders to
BHV-4 during the peri-weaning period, all were Holstein-
Friesian from the same farm with the exception of two
Jersey calves from a different farm. It is also feasible that
these results reflect exposure of the calves to multiple
pathogens with humoral responses to BHV-4 elicited at a
slower rate when compared to those triggered by exposure
to BRSV and BVDV. Although Thiry et al. [42] reported
that the immune response of cattle after BHV-4 infection
is characterised by low levels of neutralising antibodies, to
the authors’ knowledge, studies examining the rate of
serological response to BRD pathogens in calves have not
been undertaken.
Haptoglobin, a protein produced primarily by hepato-
cytes following stimulation by proinflammatory cyto-
kines, is part of the acute-phase response to
inflammation [43]. While haptoglobin has been identi-
fied as a potentially sensitive indicator of BRD in calves
owing to its prolonged response [44], this response can
be quite variable [45]. Orro et al. [46] concluded that the
haptoglobin response requires more profound tissue
damage, which is more likely to occur in bacterial rather
than viral infections. Young et al. [47], following the
screening of cattle at feedlot entry and at 40 and 65 days
later, reported that haptoglobin had a poor predictive
ability for clinical respiratory disease. In this present
study, haptoglobin was only identified as a significant
predictor (p = 0.007) of the reduction of BHV-1 S/N ra-
tios during the peri-weaning period. Lower S/N ratios
reflect higher levels of BHV-1 antibodies, and haptoglo-
bin levels between 1.32 and 1.60 mg/ml were associated
with reduced BHV-1 S/N ratios when compared to
lower haptoglobin levels (≤1.08 mg/ml). This finding
supports a potential role for haptoglobin in identifying
exposure of calves to BHV-1.
Data analysis in this study presented some challenges
in terms of determining antibody level changes that were
significant and in considering the potential effect of
MDA. We decided to use all the available information
on the change in serological antibody levels (i.e. the
change in BRD-specific antibody levels as reflected by
the S/P, PP or S/N) rather than assuming that a particu-
lar antibody level or antibody level change should be
classed as biologically significant. There were a number
of reasons for the adoption of this approach. Martin and
Bohac [48] reported that such an approach (using
ANOVA in their study) was more powerful and more
likely to identify significant associations. Windeyer et al.
[49] also concluded that the detection of seroconversion
was difficult in calves with high levels of MDA as these
calves must produce more endogenous antibodies than
calves with lower levels of MDA to achieve the four-fold
increase in antibodies required for seroconversion. The
range of BRD pathogen-specific MDA will vary consider-
ably among calves following the consumption of colos-
trum [50] but, while BRD pathogen-specific MDA
begins to decline from their second month in dairy
calves [40], it was estimated by Fulton et al. [51], in a
study of non-vaccinated beef calves, that calves may be
approximately 6 months of age before MDA against
these pathogens is no longer detectable. Calves were en-
rolled into the present study at a mean age of 19 days
and had received colostrum, as reflected by ZST results.
Calf vaccination was necessary in this study, firstly to
minimise disease in a group of calves assembled and
housed as part of a larger feeding trial and, secondly, as
it also reflects the reality of practices on farms where
such measures are typically in place. Nevertheless it is
difficult to quantify the effect of calf vaccination in this
study. MDA inhibits the production of endogenous anti-
body in response to vaccination [52] and the half-lives of
vaccinal antibodies in dairy calves [48] appear to be
shorter than those in beef calves [51]. Although calves
were vaccinated on arrival, of the BRD pathogen levels
examined, only BPI3V and BRSV antibody levels should
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have been affected by MDA as the BHV-1 ELISA
employed does not detect antibodies against the BHV-1
vaccine used. Studies of the serological responses of
calves with MDA to inactivated BPI-3 V [53] and inacti-
vated BRSV [54] vaccines have shown that antibody
levels continue to decline following initial vaccination
and that a second vaccine dose is required to increase
levels (BPI3V) or slow the rate of maternal antibody
decay (BRSV). The authors thus acknowledge that while
MDA and vaccination may have influenced the level of
some BRD pathogen-specific antibodies recorded at the
beginning of gradual weaning (42 days post-vaccination),
they do not consider that these interventions signifi-
cantly distorted the measured changes in antibody status
between the sampling points at the beginning and end
of the peri-weaning period. Therefore, this study remains
valid in what it reveals about BRD pathogen exposure
within housed calves. The authors concede that the con-
trol of other aspects of the study (e.g. nutritional status)
would suggest that the findings may not be generalisable
to the wider population.
Conclusions
Serological analysis and linear regression modelling has
identified associations between a number of intrinsic,
management and clinical risk factors such as age at
housing, the sharing of pens, pre-weaning respiratory
clinical score and serum haptoglobin concentration with
exposure to BRD-pathogens among group-housed dairy
bull calves. The identification of such factors will
contribute to the ongoing evidence-based approach to
the prevention of BRD at housing.
Abbreviations
BCoV: Bovine coronavirus; BHV-1: Bovine herpesvirus 1; BHV-4: Bovine
herpesvirus 4; BPI3V: Bovine parainfluenza 3 virus; BRD: Bovine respiratory
disease; BRSV: Bovine respiratory syncytial virus; BVDV: Bovine viral diarrhoea
virus; EDTA: Ethylenediaminetetraacetic acid; ELISA: Enzyme linked
immunosorbent assay; EPS: Exopolysaccharide; Ig: Immunoglobulin; LH: Lithium
heparin; PP: Percentage positivity; S/N: Sample to negative value; S/P: Sample to
positive ratio; SD: Standard deviation; ZST: Zinc sulphate turbidity
Acknowledgements
We thank Anna Champion for assistance in preparation and purification
of H. somni EPS.
Funding
No funding was obtained for this study.
Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on request.
Authors’ contributions
GM, JC, BE, RON conceived this project. BE and DJ coordinated field
sampling. TI, JG, MN, RON developed/performed the diagnostic tests. GM, TC
analyzed the data. GM, JC, SM, TC, MMcE, RON, BE, DJ wrote and edited the
manuscript. All authors read and approved the final manuscript.
Ethics approval and consent to participate
An experimental licence was issued by the Irish Department of Health and
Children (licence number B100/2869) for all animal procedures performed in
this study and procedures were compliant with the Cruelty to Animals Act
(Ireland 1876, as amended by European Communities regulations 2002 and
2005) and the European Community Directive 86/609/EC. Ethical approval for
this study was sought, and received, from the Teagasc Animal Ethics




The authors declare that they have no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Sligo Regional Veterinary Laboratory, Department of Agriculture, Food and
Marine, Doonally, Sligo, Ireland. 2Centre for Veterinary Epidemiology and Risk
Analysis, UCD School of Veterinary Medicine, University College Dublin,
Belfield Dublin 4, Ireland. 3Animal and Bioscience Research Department,
Animal & Grassland Research and Innovation Centre, Teagasc, Grange,
Dunsany, Co. Meath, Ireland. 4Central Veterinary Research Laboratory,
Department of Agriculture, Food and Marine, Backweston, Celbridge, Co.
Kildare, Ireland. 5Farmlab Diagnostics, Emlagh Lodge, Elphin, Co.
Roscommon, Ireland. 6Department of Biomedical Sciences & Pathobiology,
Virginia-Maryland College of Veterinary Medicine, Virginia Tech, Blacksburg,
VA, USA. 7School of Veterinary Medicine, University College Dublin, Belfield
Dublin 4, Ireland.
Received: 11 October 2017 Accepted: 14 February 2018
References
1. Anon. The all-island animal disease surveillance report 2015, A joint AFBI/
DAFM publication. 2016. http://www.agriculture.gov.ie/rvlreport/.
Accessed 8 Sept 2017.
2. Gulliksen SM, Lie KI, Løken T, Osterås O. Calf mortality in Norwegian dairy
herds. J Dairy Sci. 2009;92(6):2782–95.
3. Lillie LE. The bovine respiratory disease complex. Can Vet J. 1974;15:233–42.
4. Svensson C, Emanuelsson U, Pettersson K. Health status of dairy calves kept
in individual pens or in group pens with or without automatic milk feeder.
Proc Xth Int Congr Anim Hyg, Maastricht, the Netherlands. 2000; 426–430.
5. Windeyer MC, Timsit E, Barkema H. Bovine respiratory disease in pre-
weaned dairy calves: are current preventative strategies good enough?
Vet J. 2017;224:16–7.
6. Maatje K, Verhoeff J, Kremer WD, Cruijsen AL, van den Ingh TS. Automated
feeding of milk replacer and health control of group-housed veal calves.
Vet Rec. 1993;133(11):266–70.
7. Svensson C, Lundborg K, Emanuelson U, Olsson SO. Morbidity in Swedish
dairy calves from birth to 90 days of age and individual calf-level risk factors
for infectious diseases. Prev Vet Med. 2003;58:179–97.
8. Svensson C, Linder A, Olsson SO. Mortality in Swedish dairy calves and
replacement heifers. J Dairy Sci. 2006;89(12):4769–77.
9. Dabo SM, Taylor JD, Confer AW. Pasteurella multocida and bovine
respiratory disease. Anim Health Res Rev. 2007;8(2):129–50.
10. Ackermann MR, Derscheid R, Roth JA. Innate immunology of bovine
respiratory disease. Vet Clin North Am Food Anim Pract. 2010;26(2):215–28.
11. Hodgins DC, Conlon JA, Shewen PE. Respiratory Viruses and Bacteria in
Cattle. In: Brogden KA, Guthmiller JM, editors. Polymicrobial Diseases.
Washington (DC): ASM Press; 2002. p. 213–30.
12. Murray GM, More SJ, Sammin D, Casey MJ, McElroy MC, O’Neill RG, Byrne
WJ, Earley B, Clegg TA, Ball H, Bell CJ, Cassidy JP. Pathogens, patterns of
pneumonia, and epidemiologic risk factors associated with respiratory
disease in recently weaned cattle in Ireland. J Vet Diagn Investig.
2017;29(1):20–34.
Murray et al. BMC Veterinary Research  (2018) 14:53 Page 10 of 11
13. Jasper J, Budzynska M, Weary DM. Weaning distress in dairy calves: acute
behavioural responses by limit-fed calves. Appl Anim Behav Sci.
2008;110:136–43.
14. Johnston D, Kenny DA, Kelly AK, McCabe MS, McGee M, Waters SM, Earley
B. Characterisation of haematological profiles and whole blood relative
gene expression levels in Holstein-Friesian and Jersey bull calves
undergoing gradual weaning. Animal. 2016;10(9):1547–56.
15. Babcock AH, White BJ, Renter DG, Dubnicka SR, Scott HM. Predicting cumulative
risk of bovine respiratory disease complex (BRDC) using feedlot arrival data and
daily morbidity and mortality counts. Can J Vet Res. 2013;77(1):33–44.
16. Quimby WF, Sowell BF, Bowman JG, Branine ME, Hubbert ME, Sherwood
HW. Application of feeding behaviour to predict morbidity of newly
received calves in a commercial feedlot. Can J Anim Sci. 2001;81:315–20.
17. Wolfger B, Schwartzkopf-Genswein KS, Barkema HW, Pajor EA, Levy M, Orsel
K. Feeding behavior as an early predictor of bovine respiratory disease in
North American feedlot systems. J Anim Sci. 2015;93:377–85.
18. Aich P, Babiuk LA, Potter AA, Griebel P. Biomarkers for prediction of bovine
respiratory disease outcome. OMICS. 2009;13:199–209.
19. National Research Council. Nutrient Requirements of Dairy Cattle. 7th ed.
Washington, DC: The National Academies Press; 2001.
20. McGuirk S, Peek S. Timely diagnosis of dairy calf respiratory disease using a
standardized scoring system. Anim Health Res Rev. 2014;15(2):145–7.
21. Lago A, McGuirk SM, Bennett TB, Cook NB, Nordlund KV. Calf respiratory
disease and pen microenvironments in naturally ventilated calf barns in
winter. J Dairy Sci. 2006;89:4014–25.
22. McEwan AD, Fisher EW, Selman IE, Penhale WJ. A turbidity test for the
estimation of immune globulin levels in neonatal calf serum. Clin Chim
Acta. 1970;27:155–63.
23. Pan Y, Fisher T, Olk C, Inzana TJ. Detection of antibodies to the biofilm
exopolysaccharide of Histophilus somni following infection in cattle by
enzyme-linked immunosorbent assay. Clin Vaccine Immunol.
2014;21(10):1463–7.
24. Tukey JW. Relation among powers and logs (optional). In: Turkey JW, editor.
Exploratory Data Analysis. Reading: Addison–Wesley; 1977. p. 89.
25. O'Neill R, Mooney J, Connaghan E, Furphy C, Graham DA. Patterns of
detection of respiratory viruses in nasal swabs from calves in Ireland: a
retrospective study. Vet Rec. 2014;175(14):351–6.
26. Storz J, Stine L, Liem A, Anderson GA. Coronavirus isolation from nasal swab
samples in cattle with signs of respiratory tract disease after shipping.
J Am Vet Med Assoc. 1996;208:1452–5.
27. Moore SJ, O’Dea MA, Perkins N, Barnes A, O’Hara AJ. Mortality of live export
cattle on long-haul voyages: pathologic changes and pathogens.
J Vet Diagn Investig. 2014;26:252–65.
28. Toftaker I, Sanchez J, Stokstad M, Nødtvedt A. Bovine respiratory syncytial
virus and bovine coronavirus antibodies in bulk tank milk - risk factors and
spatial analysis. Prev Vet Med. 2016;133:73–83.
29. Pardon B, De Bleecker K, Dewulf J, Callens J, Boyen F, Catry B, Deprez P.
Prevalence of respiratory pathogens in diseased, non-vaccinated, routinely
medicated veal calves. Vet Rec. 2011;169:278–83.
30. Hasoksuz M, Hoet AE, Loerch SC, Wittum TE, Nielsen PR, Saif LJ. Detection of
respiratory and enteric shedding of bovine coronaviruses in cattle in an
Ohio feedlot. J Vet Diagn Investig. 2002;14(4):308–13.
31. Saif LJ, Heckert RA. Enteric coronaviruses. In: Saif LJ, Theil KW, editors. Viral
diarrheas of man and animals. Boca Raton: CRC Press; 1990. p. 185–252.
32. Martin SW, Bateman KG, Shewen PE, Rosendal S, Bohac JE. The frequency,
distribution and effects of antibodies, to seven putative respiratory
pathogens, on respiratory disease and weight gain in feedlot calves in
Ontario. Can J Vet Res. 1989;53(3):355–62.
33. Gummow B, Mapham PH. A stochastic partial-budget analysis of an experimental
Pasteurella haemolytica feedlot vaccine trial. Prev Vet Med. 2000;43(1):29–42.
34. Martin SW, Bateman KG, Shewen PE, Rosendal S, Bohac JG, Thorburn M. A
group level analysis of the associations between antibodies to seven
putative pathogens and respiratory disease and weight gain in Ontario
feedlot calves. Can J Vet Res. 1990;54(3):337–42.
35. Brscic M, Leruste H, Heutinck LF, Bokkers EA, Wolthuis-Fillerup M,
Stockhofe N, Gottardo F, Lensink BJ, Cozzi G, Van Reenen CG.
Prevalence of respiratory disorders in veal calves and potential risk
factors. J Dairy Sci. 2012;95(5):2753–64.
36. Miller WM, Harkness JW, Richards MS, Pritchard DG. Epidemiological studies
of calf respiratory disease in a large commercial veal unit. Res Vet Sci.
1980;28:267–74.
37. Kimman TG, Westenbrink F, Schreuder BE, Straver PJ. Local and systemic antibody
response to bovine respiratory syncytial virus infection and reinfection in calves
with and without maternal antibodies. J Clin Microbiol. 1987;25:1097–106.
38. Kimman TG, Zimmer GM, Westenbrink F, Mars J, van Leeuwen E.
Epidemiological study of bovine respiratory syncytial virus infections in
calves: influence of maternal antibodies on the outcome of disease.
Vet Rec. 1988;123:104–9.
39. Härtel H, Nikunen S, Neuvonen E, Tanskanen R, Kivelä SL, Aho R, Soveri T,
Saloniemi H. Viral and bacterial pathogens in bovine respiratory disease in
Finland. Acta Vet Scand. 2004;45(3–4):193–200.
40. Tuncer P, Yeşilbağ K. Serological detection of infection dynamics for
respiratory viruses among dairy calves. Vet Microbiol. 2015;180(3–4):180–5.
41. Glass EJ, Baxter R, Leach RJ, Jann OC. Genes controlling vaccine responses
and disease resistance to respiratory viral pathogens in cattle. Vet Immunol
Immunopathol. 2012;148(1–2):90–9.
42. Thiry E, Dubuisson J, Bublot M, Van Bressem MF, Pastoret PP. The biology of
bovine herpesvirus-4 infection of cattle. Dtsch Tierarztl Wochenschr.
1990;97(2):72–7.
43. Baumann H, Gauldie J. The acute phase response. Immunol Today.
1994;15:74–80.
44. Angen O, Thomsen J, Larsen LE, Larsen J, Kokotovic B, Heegaard PM,
Enemark JM. Respiratory disease in calves: microbiological investigations on
trans-tracheally aspirated bronchoalveolar fluid and acute phase protein
response. Vet Microbiol. 2009;137(1–2):165–71.
45. Wittum TE, Young CR, Stanker LH, Griffin DD, Perino LJ, Littledike ET.
Haptoglobin response to clinical respiratory tract disease in feedlot cattle.
Am J Vet Res. 1996;57(5):646–9.
46. Orro T, Pohjanvirta T, Rikula U, Huovilainen A, Alasuutari S, Sihvonen L,
Pelkonen S, Soveri T. Acute phase protein changes in calves during an
outbreak of respiratory disease caused by bovine respiratory syncytial virus.
Comp Immunol Microbiol Infect Dis. 2011;34(1):23–9.
47. Young CR, Wittum TE, Stanker LH, Perino LJ, Griffin DD, Littledike ET. Serum
haptoglobin concentrations in a population of feedlot cattle. Am J Vet Res.
1996;57:138–41.
48. Martin SW, Bohac JG. The association between serological titers in infectious
bovine rhinotracheitis virus, bovine virus diarrhea virus, parainfluenza-3 virus,
respiratory syncytial virus and treatment for respiratory disease in Ontario
feedlot calves. Can J Vet Res. 1986;50(3):351–8.
49. Windeyer MC, Leslie KE, Godden SM, Hodgins DC, Lissemore KD, LeBlanc SJ.
Association of bovine respiratory disease or vaccination with serologic
response in dairy heifer calves up to three months of age. Am J Vet Res.
2015;76:239–45.
50. Chamorro MF, Walz PH, Haines DM, Passler T, Earleywine T, Palomares RA,
Riddell KP, Galik P, Zhang Y, Givens MD. Comparison of levels and duration
of detection of antibodies to bovine viral diarrhea virus 1, bovine viral
diarrhea virus 2, bovine respiratory syncytial virus, bovine herpesvirus 1, and
bovine parainfluenza virus 3 in calves fed maternal colostrum or a
colostrum-replacement product. Can J Vet Res. 2014;78(2):81–8.
51. Fulton RW, Briggs RE, Payton ME, Confer AW, Saliki JT, Ridpath JF, Burge LJ,
Duff GC. Maternally derived humoral immunity to bovine viral diarrhea virus
(BVDV) 1a, BVDV1b, BVDV2, bovine herpesvirus-1, parainfluenza-3 virus
bovine respiratory syncytial virus, Mannheimia haemolytica and Pasteurella
multocida in beef calves, antibody decline by half-life studies and effect on
response to vaccination. Vaccine. 2004;22:643–9.
52. Nonnecke BJ, Waters WR, Goff JP, Foote MR. Adaptive immunity in the
colostrum-deprived calf: response to early vaccination with Mycobacterium
Bovis strain bacille Calmette Guerin and ovalbumin. J Dairy Sci.
2012;95(1):221–39.
53. Kaeberle ML, Sealock R, Honeyman M. Antibody responses of young calves
to inactivated viral vaccines. In beef research report. 1997; https://lib.dr.
iastate.edu/cgi/viewcontent.cgi?article=1028&context=beefreports_1997.
Accessed 9 Aug 2017
54. Patel JR, Didlick SA. Evaluation of efficacy of an inactivated vaccine against
bovine respiratory syncytial virus in calves with maternal antibodies.
Am J Vet Res. 2004;65(4):417–21.
Murray et al. BMC Veterinary Research  (2018) 14:53 Page 11 of 11
